The B cell developmental pathway represents a leading system for the analysis of regulatory circuits that orchestrate cell fate specification and commitment. Considerable progress has been achieved within the past decade in the identification and genetic analysis of various regulatory components. These components include the transcription factors PU.1, Ikaros, Bcl11a, E2A, EBF, and Pax-5, as well as the cytokine receptors Flk2 and IL-7R. Experimental evidence of connectivity among the regulatory components is used to assemble sequentially acting and contingent gene regulatory networks. Transient signaling inputs, self-sustaining positive feedback loops, and crossantagonism among alternate cell fate determinants are key features of the proposed networks that instruct the development of B lymphocyte precursors from hematopoietic stem cells.
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B lymphopoiesis ͉ cell fate determination ͉ hematopoiesis ͉ transcription factors ͉ cytokine signaling T he hematopoietic system represents an excellent developmental model for exploring how a well defined multipotential stem cell gives rise to various cell types of the blood and immune system, including erythrocytes, megakaryocytes, myeloid cells (macrophages and granulocytes), and lymphocytes. Reverse genetics targeting transcription factors and signaling proteins, as well as the characterization of mutations in genes that result in leukemias, have enabled the analysis of a large set of regulatory molecules that control the generation of one or more lineages of the hematopoietic system. These regulators can be viewed as components of complex gene regulatory networks, which orchestrate cell fate specification, commitment, and differentiation. This article attempts to assemble sequentially acting and contingent gene regulatory networks, which instruct the development of B lymphocyte precursors from hematopoietic stem cells (HSCs). The B lineage is particularly well suited for such a synthesis of sequentially acting regulatory circuits. The B cell pathway can be modeled as a series of discrete developmental states ( Fig. 1 ) that correspond to isolatable progenitors or precursors (1) . Each state can be described on the basis of a unique constellation of cell surface markers and͞or gene expression patterns, as well as Ig gene rearrangements. Finally, sufficient numbers of regulatory components have been analyzed by loss-and gain-of-function experiments (2) that it is now possible to examine their connectivity so as to link them as components of coherent regulatory networks.
Transcriptional Control of Hematopoiesis: Rules of the Game
Before detailing gene regulatory networks that underlie B lymphocyte development, we elaborate a general framework by which transcriptional regulatory proteins specify distinct cell fates within the hematopoietic system. This framework is inferred from numerous experiments involving the manipulation of individual regulatory proteins and the analysis of gene expression patterns within single hematopoietic cells representing distinct multipotential progenitors (MPPs). (i) Each cell fate is specified by a unique combinatorial code of transcription factors (e.g., PU.1, Ikaros, Bcl11a, E2A, EBF, and Pax-5) that determine the B cell fate (3). The combinatorial code includes transcription factors that function in a hierarchical as well as combinatorial manner (see below). The level and activity state of a transcription factor is assigned a unique value within the combinatorial code; e.g., the B cell fate depends on low level͞activity of PU.1, whereas the macrophage fate requires high level͞activity of PU.1 (4) . (ii) Individual HSCs and MPPs exhibit low levels of mixed lineage patterns of gene expression (5) . It follows that cell fate specification involves the activation of lineage-appropriate subsets of genes and the concerted repression of lineageinappropriate subsets (6) . (iii) The mixed lineage developmental states may be dictated by heterogeneous sets of primary cell fate determinants (transcriptional regulators), which are simultaneously active (low expression͞activity states) in individual MPPs. Cell fate specification is likely initiated by the induction of a primary cell fate determinant (induced expression͞activity) and its antagonism of alternate lineage-determining transcription factors (7), which enables the eventual resolution of a mixed lineage pattern of gene expression into one specific for a given lineage.
Regulatory Circuits Promoting Specification of the B Cell Fate
Two cytokine receptors (Flk2͞Flt3 and IL-7R) and six transcription factors (PU.1, Ikaros, E2A, Bcl11a, EBF, and Pax-5) are critical for the development of B cell precursors (8 -16) . These proteins represent key components of sequentially acting regulatory circuits detailed in Fig. 1 . The circuits are shown to be operative in discrete developmental states that correspond to defined cellular intermediates. Such cells can be resolved and isolated by f low cytometry from the fetal liver or bone marrow, which are the sites of embryonic and adult B lymphopoiesis, respectively (1) .
Specification of the B cell fate involves the expression of a set of B lineage-specific genes, including mb-1, B29, 5, and VpreB, and the onset of ordered DNA rearrangements of the Ig heavy chain (IgH) locus catalyzed by the recombinase complex consisting of Rag-1 and Rag-2 (1). The mb-1, B29, 5, and VpreB genes encode components of the preB cell antigen receptor (preBCR), which is assembled upon productive rearrangement and expression of the IgH locus. The mb-1 and B29 gene products represent signaling subunits of the preB and B cell receptors (BCRs). The 5 and VpreB proteins are surrogate light chains, which are transiently expressed during B cell development and associate with the heavy chain protein to form the preBCR. The preBCR executes a crucial developmental checkpoint by promoting the survival and expansion of B cell precursors that have productively rearranged an IgH locus. It also regulates the differentiation of preB cells into mature B cells, which entails rearrangement and expression of conventional Ig light chain loci. As a consequence, B cells assemble and express the Ig molecule on their cell surface and use it as an antigen receptor (BCR).
B lineage and all other immune cells are derived from a rare population of HSCs. Considerable progress is being made in analyzing the molecular circuitry that instructs stem cell selfrenewal versus differentiation. Upon exiting the stem cell niche, HSCs give rise to MPPs (Fig. 1) . Although MPPs can generate all of the blood lineages, they are unable to self-renew. Expression of the cell surface protein CD27 on MPPs permits their separation from HSCs by flow cytometry (17) . Intriguingly, HSCs express at low levels many lineage-specific genes reflecting a developmentally poised state (18) . Single-cell RT-PCR analyses have demonstrated that HSCs and MPPs exhibit broader multilineage gene expression patterns than their progeny, the lymphoid and myeloid progenitors, which express more restricted sets of genes (19) . The molecular mechanisms by which MPPs restrict and refine their gene expression patterns to generate lineage-specified progenitors appear to involve crossantagonism between opposing subsets of lineage-determining transcription factors (see below).
The earliest regulatory event that appears to trigger B cell development is the expression of the receptor tyrosine kinase Flk2͞Flt3 within a subset of MPPs (Fig. 1) . Expression of Flk2͞Flt3 within the MPP population is associated with loss of stem cell and myeloid lineage potential but sustained lymphoid reconstitution in vivo (20) . Furthermore, targeted inactivation of the Flk2͞Flt3 gene results in a severe deficiency in the generation of B lineage progenitors (15) . Consistent with the requirement for Flk2͞Flt3 signaling in the development of B lineage progenitors is the significant decrease in common lymphoid progenitors (CLPs) observed in mice deficient in the Flk2͞Flt3 ligand (21) . Taken together, these results strongly suggest that specification of the B lymphoid cell fate initiates within the MPP population as a consequence of expression of Flk2͞Flt3.
The signaling pathway through which Flk2͞Flt3 selectively favors the generation of B lineage progenitors is unknown, but in vitro data suggest that activation of this receptor promotes expression of the IL-7 receptor (IL-7R) (22) . The development of pro-B cells in the bone marrow requires signaling through IL-7R (23) . Furthermore, in a culture system, IL-7R signaling is sufficient to induce the differentiation of CLPs into pro-B cells. Importantly, two recent studies have shown that combined loss of Flk2͞Flt3 and IL-7R results in a complete failure to develop B lineage cells during both fetal and adult hematopoiesis (24, 25) . These results raise the strong possibility that signaling through these two cytokine receptors may activate the expression or modulate the activity of key transcriptional regulators such as E2A and͞or EBF, which are required for specification of the B cell fate (see below).
Analysis of the regulation of Flk2͞Flt3 and IL-7R␣ gene expression is likely to provide insight into the earliest circuitry underlying B cell development. The transcription factors PU.1 and Ikaros appear to regulate expression of these two cytokine receptor genes. Ikaros null or Ikaros DN Ϫ/Ϫ hematopoietic progenitors are deficient in expression of Flk2͞Flt3 (26) . PU.1 Ϫ/Ϫ fetal liver hematopoietic progenitors also exhibit reduced Flk2͞Flt3 transcripts (27) . In addition to the defect in Flk2͞Flt3 expression, PU.1 Ϫ/Ϫ fetal liver hematopoietic progenitors are impaired in expression of IL-7R. PU.1 is implicated in directly regulating the transcription of the IL-7R␣-chain gene (27) . Thus, the severe reduction in B lymphoid progenitors caused by the PU.1 Ϫ/Ϫ mutation is likely due to failed expression of both the Flk2͞Flt3 receptor and IL-7R (3). Collectively, these data suggest that expression of Flk2͞Flt3 in MPPs may depend on the concerted activities of Ikaros and PU.1, whereas PU.1 and Flk2 signaling may drive the subsequent expression of IL-7R in CLPs (Fig. 1) .
The transcription factors E2A and EBF are required for specification of the B cell fate and therefore are designated as primary cell fate determinants. They regulate the early program of B lineage gene expression (mb-1, B29, 5, VpreB, and Rag-1,2) and DNA rearrangements of the IgH locus (Fig. 2) . The E2A gene encodes two basic helix-loop-helix proteins, E12 and E47, generated by differential splicing, whose expression and activities are induced during early B cell development (28, 29) . EBF is an atypical helix-loop-helix zinc finger protein that is expressed exclusively in the B lineage within the hematopoietic system (30) . Targeted inactivation of the E2A or EBF gene results in a block in B cell development before the onset of early B lineage gene expression and the initiation of D-J rearrangements at the IgH locus (9, 11, 14) . E2A͞EBF compound-mutant heterozygotes display a more severe defect in B lymphopoiesis than the single-heterozygous animals, suggesting that the two regulators may function synergistically to activate transcription of B lineage genes (31) (31) . Thus, the specification of the B cell fate appears to be regulated by two primary cell fate determinants, E2A and EBF. These regulatory proteins not only promote B cell differentiation, but also appear to be important in restricting alternate developmental fates. E2A Ϫ/Ϫ hematopoietic cells can be expanded in culture by using the cytokines SCF (stem cell factor), FL, and IL-7. They phenotypically resemble early B lineage progenitors but retain multilineage developmental potential (34) . As is the case for the E2A mutation, EBF Ϫ/Ϫ early B lineage progenitors can be stably propagated on stromal cells in the presence of SCF, FL, and IL-7 (K.L.M. and H.S., unpublished data). These EBF Ϫ/Ϫ progenitors retain the ability to generate T-lymphoid and myeloid progeny. Cell fate restriction by E2A and EBF is likely initiated within the context of a CLP and culminated in a pro-B cell by the transcription factor Pax-5 (see below).
From a regulatory standpoint, it is of considerable interest to determine the means by which the expression and͞or activity of E2A and EBF are induced in CLPs. E2A transcripts are expressed in the stem cell compartment, although transcriptionally active complexes of E47 homodimers or E47͞E12 heterodimers are detected primarily in B lineage progenitors (33) . Analysis of mice expressing an E2A-GFP knock-in allele has shown that E2A expression in B lineage cells is up-regulated concomitant with induction of EBF and initiation of D-J H recombination (35) . At present, it remains to be determined how E2A expression and activity are induced. We suggest that signaling through the IL-7R induces the activity of E2A proteins (Fig. 1) . It should be noted that Notch signaling and inhibitory basic helix-loop-helix proteins have been suggested to antagonize E2A activity (33) . The Notch pathway may inhibit transactivation by E2A proteins (36) and͞or target them for degradation (37) . Thus, relief from these inhibitory pathways may also contribute to the developmental induction of E2A activity (Fig. 1) . We propose that induction of E2A activity is initiated in the CLP, thereby enabling Rag and EBF gene expression as well as D-J H gene rearrangements. EBF transcripts are first detectable in a subset of CLPs that express both Rag-1 and Rag-2 and contain D-J H rearrangements (38) . Although EBF transcript levels are low in this population, they likely enable sufficient levels of protein accumulation to promote Rag gene expression and IgH rearrangement in conjunction with E2A. A functional binding site for E2A has been found in the EBF promoter, suggesting that E2A is directly involved in regulation of EBF expression (39) . Recently, it was shown that EBF expression is impaired in E47 Ϫ/Ϫ fetal liver hematopoietic progenitors (40) . EBF expression is also compromised in PU.1 Ϫ/Ϫ fetal liver hematopoietic progenitors, suggesting that PU.1 also participates in regulation of the EBF gene. PU.1 binds in vitro and in vivo to a conserved site within the first intron of the EBF gene (3). Thus, we suggest that induction of the EBF gene depends on activation of E2A and a regulatory input from PU.1 (Fig. 1) . Finally, the developmental induction of E2A gene expression, detected by the E2A-GFP knock-in allele, is compromised in EBF Ϫ/Ϫ mice, raising the possibility that EBF may be a component of a feedback loop that is used to sustain higher levels of E2A expression in pro-B cells (35) .
Given that EBF expression in vivo is contingent on PU.1 and E2A, functional bypass experiments have been pursued to determine whether restoration of EBF expression enables B cell development in the absence of PU.1 or E2A. Retroviral transduction of EBF can rapidly restore the generation of B cell precursors from PU.1 Ϫ/Ϫ fetal liver hematopoietic progenitors (3) . Surprisingly, restoration of EBF expression in E47 Ϫ/Ϫ fetal liver hematopoietic progenitors also promotes the generation of B cell precursors (40) . This result suggests that EBF can function synergistically with low levels of alternative E-proteins to regulate the early B lineage program of gene expression.
EBF in concert with E2A regulates expression of a secondary B cell fate determinant, Pax-5 (41) (Fig. 1) . In contrast to E2A and EBF, the transcription factor Pax-5 is not required for specification of the B cell fate but is essential for commitment. (Fig. 2) . Pax-5 target genes include mb-1, CD19, and BLNK, all of which encode lineage-specific antigen receptor or coreceptor signaling components (43) . In addition to regulating B lineage gene expression, Pax-5 also promotes distal V H -DJ H gene rearrangements (47) . Thus, Pax-5 is dispensable for specification of the B cell fate but is required for elaboration of the B cell developmental program, as well as lineage commitment and maintenance of identity. On this basis, it is proposed to represent a secondary cell fate determinant.
We note that in addition to the aforementioned regulators, another transcription factor, Bcl11a, is required for the generation of B lineage progenitors. Bcl11a is a Kruppel-related zinc finger protein expressed in multiple lineages, including hematopoietic progenitors (48) . The Bcl11a gene was originally identified as an oncogene, which is translocated in a variety of B cell malignancies (16, 49) . Targeted inactivation of Bcl11a shows that it is dispensable for the generation of myeloid or erythroid lineages but is required for the development of B lineage progenitors and thymocyte maturation (16) . Consistent with the profound block to B cell development in Bcl11a Ϫ/Ϫ embryos, analysis of fetal liver hematopoietic progenitors revealed the absence of EBF, Pax-5, and IL-7R transcripts. Conversely, the expression of genes required for early T cell development was not impaired in Bcl11a Ϫ/Ϫ fetal thymocytes, including the IL-7R. The Bcl11a mutant phenotype in the lymphoid compartment is similar to the Flk2͞Flt3 receptor or Flk2͞Flt3 ligand knockout phenotypes. It remains to be determined whether Bcl11a participates indirectly (by means of the Flk2 receptor and͞or IL-7R signaling) or directly in the regulation of the EBF gene.
Taken together, these studies reveal that the molecular circuits driving specification of the B cell fate involve the contingent as well as combinatorial activities of the transcription factors PU.1, Ikaros, E2A, Bcl11a, EBF, and Pax-5 and the cytokine receptors Flk2͞Flt3 and IL-7R (Fig. 1) . PU. 
Network Architecture
Given the extensive set of regulatory links that are being revealed among the aforementioned components, it is useful to attempt a depiction of the network architecture, which provides insight into its structure and dynamics (Fig. 3) . Both stimulatory and inhibitory inputs are shown, indicated as solid or dashed lines, depending on the strength of the experimental evidence. Much of this evidence has been described above, and the remaining links are detailed below. IL-7 signaling appears to regulate EBF expression, because IL-7 Ϫ/Ϫ CLPs have greatly diminished B cell developmental potential (51) and express considerably lower levels of EBF and Pax-5 transcripts when compared with wildtype CLPs (58) . EBF can up-regulate IL-7R␣ gene expression upon its precocious expression in MPPs (J.M.R.P. and H.S., unpublished data). E2A can also induce the expression of IL-7R␣ upon ectopic expression in a macrophage cell line (52) . Thus, IL-7R, EBF, and E2A, through positive feedback loops, may generate a self-sustaining regulatory network. The establishment of this network would depend on transient signals and inputs from the cytokine receptor Flk2 and the transcription factors PU.1 and Ikaros, respectively. Pax-5 expression depends on EBF (3) and can also be induced upon expression of EBF in MPPs (J.M.R.P. and H.S., unpublished data). Curiously, Pax-5 appears to induce EBF expression when ectopically expressed in developing T cells in the thymus (53) . Thus, Pax-5 could reinforce and stabilize EBF expression, thereby further consolidating the self-sustaining network. We note that because EBF can complement E47 Ϫ/Ϫ progenitors (40) , resulting in the generation of B cell precursors, the proposed network appears to be sustainable by low levels of alternative E-proteins.
The network architecture also features crossantagonism among various cell fate-determining transcription factors (Fig.  3) . From the standpoint of specification of the B cell fate, E2A antagonizes the expression of the erythroid transcription factor GATA-1 (34) . Furthermore, EBF appears to antagonize the expression of the myeloid transcription factor C͞EBP␣ and can also override Notch signaling (J.M.R.P. and H.S., unpublished data). Conversely, Notch-1 and C͞EBP␣ are able to counteract E2A and Pax-5 (36, 37, 54) , respectively. Some of these mutually antagonistic interactions are likely to play a crucial role in dictating alternate cell fate choices. They may also be involved in lineage reprogramming (see below).
Reversibility of the Committed State and Network Reconfiguration
According to our model, lineage commitment is the culmination of contingent gene regulatory networks, which promote lineagespecific gene expression and repress alternate lineage programs. Lineage commitment is generally considered to be an irreversible process or, at the very least, one that cannot be overridden readily. This concept has been challenged by the demonstration that enforced expression of C͞EBP␣͞␤ transcription factors in bone marrow-derived CD19 ϩ B cells in culture leads to their reprogramming into macrophages (54) . This ''lineage conversion'' is accompanied by rapid and efficient down-regulation of CD19 (a Pax-5-dependent B lineage gene) and up-regulation of the macrophage marker Mac-1. It was suggested that C͞EBP factors antagonize Pax-5 activity, thereby reversing the committed state. We note that C͞EBP factors appear to also regulate the Id1 gene (55) . Id1 negatively regulates E2A DNA-binding activity through heterodimerization, thus inhibiting the expression of E2A target genes. Expression of an Id1 transgene driven by Ig regulatory elements has been shown to induce a profound block to early B cell development (56) . Thus, we propose that reprogramming of B lineage cells into macrophages observed after enforced expression of C͞EBP␣͞␤ may also involve dysregulated Id1 expression. Therefore, C͞EBP factors may reprogram B lineage cells into macrophages by antagonizing primary (E2A) as well as secondary (Pax-5) B cell fate determinants.
Although expression of C͞EBP factors in committed preB and B cells efficiently induces CD19 down-regulation and upregulation of Mac-1, the aforementioned study did not unambiguously identify, through clonogenic assays, the precursors that give rise to macrophages upon ectopic expression of C͞EBP factors. Such cells could be the CD19 ϩ B220
Ϫ bipotent B͞mac-rophage progenitors previously demonstrated in adult bone marrow (57). Thus, it remains possible that C͞EBP factors divert bipotential progenitors along the macrophage differentiation pathway rather than reprogram differentiated B cells into macrophages. The latter process would necessarily entail disassembly of a complex gene regulatory network specific to B cells (Fig. 3)   Fig. 3 . A self-sustaining regulatory network established in a B cell precursor. It is suggested that the establishment of this network depends on transient signaling and inputs from the cytokine receptor Flk2 and the transcription factors PU.1 and Ikaros, respectively. Positive feedback loops involving the cytokine receptor IL-7R and the transcription factors EBF, E2A, and Pax-5 may generate a self-sustaining circuit. The network architecture also features crossantagonism with alternate cell fate-determining transcription factors such as GATA-1, C͞EBP␣, and Notch-1. Stimulatory and inhibitory inputs are indicated as solid or dashed lines, depending on the strength of the experimental evidence.
and its reconfiguration into one specific for macrophages. The stability and potential reversibility of gene regulatory networks that are operative in committed precursors and differentiated cell types need to be explored further.
Perspective
The B cell developmental pathway represents a leading system for the analysis of regulatory circuits that orchestrate cell fate specification and commitment. Considerable progress has been achieved within the past decade in the identification and characterization of various regulatory components, including transcription factors and signaling molecules. It is now possible to initiate the assembly of molecular circuits that underlie cell fate choice and specific developmental transitions. We have attempted to assemble such control circuits, which operate in MPPs, CLPs, pro-B, and preB cells. At present, the circuits are rudimentary and tentative in structure, because additional components remain to be identified and analyzed. Moreover, the connectivity of various components needs to be rigorously tested and extended. Nevertheless, the proposed circuit architecture is foreshadowing design principles that include transient signaling inputs, self-sustaining positive feedback loops, and crossantagonism among alternate cell fate determinants. The elaboration of similar circuits in a variety of cellular systems should consolidate general principles of network architecture and dynamics, which underlie a wide variety of biological patterning and differentiation processes. Detailed knowledge of regulatory networks that specify and sustain diverse mammalian cell fates should also facilitate the directed and efficient generation of lineage-specific progenitors from embryonic stem cells for therapeutic purposes.
